Abstract. Single Helical Axis (SHAx) states obtained in high current reversed field pinch (RFP) plasmas display, aside from a dominant mode in the m=1 spectrum, also a dominant m=0 mode, with the same toroidal mode number as the m=1 one. The two modes have a fixed phase relationship. The island chain created by the m=0 mode across the reversal surface gives rise, at shallow reversal of the toroidal field, to an X-point structure which separates the last closed flux surface from the first wall, creating a divertor-like configuration. The plasma-wall interaction is found to be related to the connection length of the field lines intercepting the wall, which displays a pattern modulated by the dominant mode toroidal periodicity. This configuration, which occurs only for shallow toroidal field reversal, could be exploited to realize an island divertor in analogy to stellarators.
Introduction
A proper control of the way in which the plasma interacts with the vacuum chamber wall and the plasma-facing components is a primary issue for high-temperature magnetically confined plasmas of relevance to nuclear fusion research [1] . Indeed, a magnetically confined plasma is an open system where particles and energy are continuously injected from outside and the non-perfect confinement properties of the plasma give rise to fluxes of these quantities coming out of the plasma boundary. The position and shape of the plasma boundary, identified by the Last Closed Flux Surface (LCFS), that is the outermost magnetic surface not intersecting any solid object, plays a crucial role in determining how the outcoming fluxes interact with the plasma-facing components.
Generally speaking, two different topologies of the LCFS can be identified. In the simplest configuration the LCFS touches a solid object, called limiter, which defines its position. This direct contact leads to intense heat loads and a high degree of particle recycling. The second, more sophisticated approach consists in creating a divertor, that is a magnetic structure with one or more X-points, which act as links between a LCFS not touching any solid object and open field lines which are diverted towards appropriate plates, on which heat and particle fluxes impinge. These plates can be located far away from the LCFS, so that neutrals resulting from plasma neutralization and sputtering processes can be ionized before entering the confined plasma, thus resulting in a low recycling of the main gas and in a lower impurity content of the plasma.
In the tokamak [2] , which is the most advanced toroidal configuration and on which the ITER project is based, the divertor concept has been adopted since long time, and is an integral part of any modern machine design. The layout which has proved to be the most effective is that of a single null poloidal divertor. In the stellarator the problem of designing a divertor configuration has been undertaken more recently [3] . Being it an inherently 3D configuration, a more complex structure has to be adopted, and work is still in progress for defining the best solution. The concepts presently under consideration, the island divertor and the helical divertor, are both based on forming low-order magnetic island chains in the outer plasma region, and exploiting either their X-points or the stochasticity resulting from their superposition [4] .
The reversed field pinch (RFP) is the third toroidal configuration which could provide the basis for a fusion reactor [5, 6] . It presents some very attractive features, such as the weak requirements on toroidal field coil current and the possibility of reaching ignition with ohmic heating only, which could give rise to a simple, compact and relatively inexpensive reactor. However, until recently the RFP was considered to be flawed because of the presence of several resistive MHD modes in the saturated stage, which gave rise to an ergodization of the magnetic field over most of the plasma volume. These modes were considered to be intrinsic to the configuration, because they are responsible of the dynamo process, which allows the sustainment of the poloidal currents flowing in the plasma against resistive decay.
This picture is now radically changing, thanks to the realization that the dynamo can be achieved with only one mode [7, 8] . This condition is named Single Helicity (SH) state, as opposed to the Multiple Helicity (MH) one. The theoretical prediction of the SH condition has been confirmed by experimental observation [9] . In the RFX-mod device Quasi Single Helicity (QSH) states, where one mode dominates over the others, have been observed to occur more and more frequently and for longer time duration as the plasma current is raised [10] . This result is conditioned to a good control of the radial magnetic field at the edge, which in RFX-mod is obtained through a sophisticated system of 192 feedback-controlled saddle coils [11, 12] .
In particular, interest in the RFP has been revamped by the discovery of the spontaneous transition at high plasma current to a new magnetic topology, dubbed Single Helical Axis (SHAx) state [13, 14, 10] . In this state, which is a special instance of the more general QSH condition, the separatrix of the dominant mode magnetic island is expelled, while its X-point collapses onto the main magnetic axis of the discharge. The resulting configuration is characterized by having a helical magnetic axis, which is the former island O-point. In this condition order emerges from magnetic chaos in the core plasma and a transport barrier develops, so that the confinement properties of the configuration are enhanced [10] .
The SHAx observation, and the realization that it is going to be the standard condition in multi-MA RFP devices, have given new appeal to the RFP as an alternative configuration for controlled fusion. Some important issues have now to be faced, and in particular the problem of proper control of plasma-wall interaction, since up to now RFP devices have been conceived simply using the vacuum chamber wall as a limiter. The only exception to this are the STE-2 device, where a poloidal divertor has been tested [15] , and the TPE-2M device, where both toroidal and poloidal divertor configurations have been tried [16, 17] . In all these cases, no significant improvements in plasma performance were achieved.
In this paper we perform a detailed examination of the intrinsic edge magnetic topology in SHAx states obtained in the RFX-mod device [18] . RFX-mod is the largest machine in the world operating in RFP configuration, with a maximum design plasma current of 2 MA. It has a major radius of 2 m and a minor radius of 0.459 m. The vacuum vessel has a circular cross section, and is internally covered by graphite tiles. Since the machine has no limiters, these tiles are intended to limit the plasma and protect the vessel. The presented results provide an answer to the still open question of why plasma-wall interaction in RFX-mod high current operation appears to be lower at shallow reversal. Furthermore, they allow to conclude that its intrinsic properties of the magnetic configuration could be exploited to construct a divertor, similar to the island divertor of stellarators. While further theoretical studies need to be done, and a practical implementation has to be demonstrated, we think that this is a conceptual breakthrough which reinforces the case of the RFP as a candidate reactor configuration and brings a useful contribution to magnetic fusion physics.
The paper is organized as follows: in Section 2 the properties of the MHD spectrum measured in SHAx states which are relevant to our discussion are described; in Section 3 the topology of the edge plasma, and in particular the position and shape of the LCFS, are investigated by means of a field line tracing code; in Section 4 the consequences of the edge magnetic topology on the plasma-wall interaction are studied; finally, in Section 5 conclusions are drawn.
MHD mode spectrum in SHAx states
The m=1 mode spectrum in SHAx states obtained in RFX-mod at the 1.5 MA plasma current level displays a dominant mode (the n=7 one) and weak amplitudes of the secondary modes [19] . However, it important to notice that also m=0 modes are resonant in the RFP, and have their resonance radius located on the toroidal field reversal surface. This can be positioned more or less distant from the first wall, depending on the current imposed in the toroidal field coil. The distance from the wall is indirectly quantified by the reversal parameter F = B φ (a)/ B φ , where . . . is an average over the poloidal cross section. A crucial observation made in RFX-mod is that shallow (slightly negative) F, which corresponds to a small distance of the reversal surface from the wall, turns out to be a better condition at high plasma current as far as plasma-wall inteaction is concerned than deeper (more negative) F. In fact, at plasma currents beyond 1 MA deep F discharges display sudden increases in density, probably induced by excessive wall heating which triggers the release of hydrogen from the graphite. These events in turn cause an increase of plasma resistance which makes it difficult to obtain a steady flat-top. Furthermore, in this condition the wall is rapidly loaded of hydrogen, so that the density control becomes impossible. This has led to the conclusion that shallow F operation, where this phenomenology is not observed, constitutes the optimal condition for high current operation. An explanation of this empirical finding will be given in the following.
The m=0 mode spectrum, which features many low n modes in low current operation, is also strongly peaked on the n=7 one in SHAx states. This is shown in Fig. 1 , where the average spectra of both m=0 and m=1 modes in SHAx states obtained at 1.5 MA plasma current are shown. The amplitudes are computed through a Fourier analysis of B φ measurements obtained outside the plasma. The prevailing Mode amplitude (%) Figure 2 . Amplitude of the m=0/n=7 mode (full circles) and of the other m=0 modes up to n=15 (empty circles) in QSH conditions plotted as a function of plasma current. The mode amplitudes are normalized to the average poloidal field at the wall of the m=0/n=7 mode as current is increased is a direct consequence of the same behaviour observed for the m=1/n=7 mode [10] , due to the toroidal coupling of the two modes. It is crucial to notice, as shown in Fig. 2 , that the m=0 spectrum displays the same behaviour with increasing plasma current of the m=1 one, i.e. the dominant n=7 mode increases its relative amplitude while the secondary mode amplitude is reduced. Thus, it is possible to conclude that the RFP evolves, as plasma current is increased, towards a SHAx state characterized by the presence of a dominant m=1 mode and a dominant m=0 mode, both having the same n number. Furthermore, due to toroidal coupling, the two modes have a very clear phase relationship. This is displayed in Fig. 3 , where the phase difference between the m=0/n=7 mode and the m=1/n=7 mode in RFX-mod is shown as a function of the phase of the m=1/n=7 mode for a large set of discharges, in time intervals where a strong quasi-single helicity state is observed. It can be seen that the two modes have an almost constant phase difference equal to π.
The m=0 modes give rise to a chain of magnetic islands across the reversal surface, that is in the first wall proximity. In the past, in low current, multiple helicity conditions these islands actually acted as a transport barrier due to the very low degree of order of the surrounding plasma [20] . This situation has changed since the introduction of the active saddle coil system for the control of the radial magnetic field at the plasma boundary [11] . This has lowered the tearing mode amplitude and created a more ordered situation, so that good conserved magnetic surfaces exist in the outer plasma region. Indeed, the m=0 islands have been recently found to be a source of flattening of the local temperature profile, due to their effect of short-circuiting different plasma radii [21] .
Topology of the edge region in SHAx RFP plasmas
In order to understand the magnetic topology of the edge region in SHAx states, and in particular the position and shape of the LCFS, we have used a field-line tracing code named FLiT [22] to trace the magnetic topology in the plasma edge. FLiT uses the output of an algorithm for the reconstruction of the tearing mode eigenfunctions over the whole plasma volume based on Newcomb's equation, supplemented with edge magnetic measurements to account for the unknown derivative jumps in the resistive layers [23] . Fig. 4 displays two Poincaré plots of the magnetic field lines in the r-φ plane on the outer equator (it is worth reminding the reader that in the outer region of RFPs the main magnetic field is almost poloidal). The first one is obtained during a 1.5 MA SHAx state at shallow reversal (F = −0.017), while the second depicts a similar condition obtained at deep reversal (F = −0.181). Thick lines are superposed on the plots, depicting the position of the LCFS, computed from FLiT outputs by looking at where, for each toroidal and poloidal position, the most internal open field line is found. The new and striking result is that in the SHAx condition obtained at shallow reversal the LCFS is well separated from the wall by the m = 0 islands, and that their X-points act so as to form a divertor-like configuration. On the contrary, at deep reversal the LCFS is located beyond the m=0 island chain and a limiter-like condition is obtained.
The relationship between the occurrence of a divertor-like configuration and the reversal parameter value has been investigated more systematically by computing the minimum distance δ min of the LCFS from the wall for a set of SHAx states obtained at different F values. Fig. 5 displays a plot of δ min as a function of F. It is clearly seen that as F goes from zero towards more negative values, that is from shallow reversal to deep reversal, the LCFS distance from the wall is increased, up to values of F between -0.10 and -0.13, where the m=0 islands do not intersect the wall any more and the limiter-like situation (δ min = 0) is obtained. This is an explanation for the empirical evidence of a reduced plasma-wall interaction in shallow F discharges, which constitute the preferred mode of operation for RFX-mod at high current, as explained in section 2. 
Plasma-wall interaction
In order to better understand the structure of the Scrape-Off Layer (SOL) formed beyond the LCFS in the shallow F case shown in the top frame of Fig. 4 , a colour scale plot of the connection lengths of field lines passing through a grid of points in the r-φ plane has been constructed. This has been done integrating the field line equation from the starting point, both forwards and backwards, until the first wall is reached. The connection length is then defined as the sum of the two lengths covered in the two directions. The result of the procedure is shown in Fig. 6 , for the plane at θ = 0
• . The maximum value of the connection length, for which the red colour has been used, also marks the closed field lines. The confined plasma, enclosed by the LCFS modulated by the n=7 pattern, can be clearly identified. Furthermore, other red regions, corresponding to m=0 islands that do not touch the first wall, can be observed. These could be associated to the high radiation poloidal rings which have been proposed to explain the RFP density limit [24] . Beyond the LCFS a SOL is created. In particular, in the last cm near the first wall relatively short connection lengths are found, with only occasional regions of longer connection lengths reaching the wall.
The connection length of the field lines touching different points of the first wall is closely related to the local distance between the LCFS and the wall. This is shown in Fig. 7 , where the connection length of points of the first wall located on the outer equator is shown as a function of the toroidal angle, for the same condition of the top frame of Fig. 4 . It is possible to observe that the connection length displays an n = 7 periodic structure, with rounded maxima which are anyway lower than the length of one poloidal turn (∼ 3 m). Superimposed to this, limited regions of much larger connection lengths are found, indicating field lines which manage to perform many poloidal turns before touching again the wall. The origin of these long field lines are positioned on the maxima of the n = 7 pattern. In the same figure is also plotted the distance between the LCFS and the first wall, again plotted as a function of the toroidal angle for points along the outer equator. The n = 7 periodicity can also be clearly seen. The comparison of the two curves allows to conclude that in the positions where long connection lengths exist, the LCFS-wall distance is shorter, while in regions of short connection length the LCFS-wall distance is larger. The consequence that can be drawn from this fact, when thinking to the plasma-wall interaction, is that in the first situation a stronger interaction is expected, both because of parallel flows, since a longer flux tube collects a larger amount of energy, and because of perpendicular fluxes, which originate from the LCFS which is less distant.
The hypothesis that regions of the first wall with larger connection length have a stronger plasma-wall interaction has been validated using data from a fast CCD camera looking at H α line emission. This radiation originates from neutral hydrogen atoms coming out from the wall. Since in RFX-mod the density profile displays a strong gradient in the first few cm of the plasma, it is possible to associate the emission to the heat load of the nearby portion of the first wall, under the assumption that a stronger plasma-wall interaction heats locally the wall and causes a stronger hydrogen release. The camera used in RFX-mod was operated with a frame rate of 10,000 frames per second, and a shutter time of 1/10,000 s. Fig. 8a shows the emission pattern detected by the camera in a 1.5 MA discharge, during a SHAx phase. The actual image has been remapped to a regular grid in the the toroidal and poloidal angles. The figure displays an almost vertical emission pattern, with a discretization which corresponds to the tiles which compose the first wall. This discretization is due to the tile shape, which causes an increased interaction in the central part of the tile. A darker region in the middle of the bright pattern (around θ = 0 • ) is due to the presence of a port, as it is the dark oval region more on the left (around φ = 142
• ). In Fig. 8b the connection lengths for the same region of the first wall, in the same discharge and at the same time instant are plotted. It is clearly seen that the connection length pattern is similar to the emission pattern of the camera. The two patterns are displaced one with respect to the other by a few degrees in the toroidal direction. This discrepancy appears in all cases, and is attributed to a systematic error.
Having established that the magnitude of the plasma-wall interaction in different regions of the first wall can, to a first approximation, be quantified by looking at the connection length of field lines leaving them, it is possible to build a map of this interaction by following field lines starting from a grid covering the first wall. The top frame of Fig. 9 shows such a map, with the connection lengths represented as a colour scale. It can be seen that regions of higher connection lenghts concentrate in the 90
• -180
• band, that is in the region comprised between the torus top and the inner equator. This is a non-trivial consequence of the phase relationship between the m=0 and m=1 modes depicted in Fig. 3 . The localization is not perfect, due to the Figure 9 . Map of the connection lengths of magnetic field lines touching the first wall for a typical 1.5 MA SHAx state (top) and same map obtained using only the amplitudes of the dominant m=1/n=7 and m=0/n=7 modes, indicating the ideal situation for a pure single helicity condition (bottom).
polluting effects of the secondary modes.
In order to understand what is the tendency for higher current plasmas, where the secondary modes will be lower according to present scalings, we have performed the same calculation including only the m=1/n=7 and m=0/n=7 modes in the FLiT input, that is simulating a pure single helicity condition. The result is shown in the bottom frame of Fig. 9 . It can be seen that the long connection length region is now limited to two rows of inclined regions having an n=7 periodicity, the first located at θ ≃ 90
• and the second at θ ≃ 180 • .
Conclusions
The results described in this paper give a new vision of the plasma boundary in the high performance SHAx states recently discovered in high current RFP plasmas produced on the RFX-mod device. Due to the toroidal coupling between the dominant m = 1/n = 7 mode, responsible for the achievement of a helical equilibrium, and its m = 0 counterpart, a set of m = 0 magnetic islands with a dominant n = 7 periodicity is formed on the reversal surface. Provided that the absolute value of the reversal parameter is small enough, that is the machine is operated with a shallow reversal, these islands intercept the first wall. Due to the regularity of the SHAx condition, where no strong localized distortion of the plasma column due to mode locking [25] is found, the outcome is that the LCFS is not any more touching the first wall. On the contrary, the X-points formed between the m = 0 islands act as the X-point of a tokamak divertor. This condition is reminiscent of the island divertor concept which is being explored as a means of controlling plasma-wall interaction in stellarators. Indeed, the plasma-wall interaction in these discharges is strongly affected by the edge region topology. The LCFS shape is modulated by an n = 7 displacement, and the positions where it is less distant from the first wall coincide with locations where field lines touching the first wall have a very long connection length. Thus, from the point of view of both parallel and perpendicular transport these are the regions of stronger interaction. This has been confirmed experimentally using data from a fast camera looking at H α emission.
Following these findings, one is led to infer that the special features of the plasma boundary in high current SHAx RFP plasmas could be exploited for building a divertor, similar in concept to the island divertor used in some stellarators. This could be achieved by locating divertor plates with appropriate pumping in the regions of strong interaction, which have been found to become more and more regular as the amplitude of the secondary modes is reduced, which is the trend experimentally observed as plasma current is increased. Such an approach to plasma-wall interaction would require that the dominant m = 0 mode is stationary in time, but this appears to be a requirement that can be fulfilled, given the strong phase relationshop with the dominant m = 1 mode, whose phase has been shown to be indeed feedbackcontrollable. While a great deal of work is still required, especially concerning the details of transport from the LCFS to the different regions of the first wall, it is our hope that this work can be used as a starting point for the solution of one of the big open issues in the path of the RFP towards reactor feasibility.
